Background. No data are available on liver transplantation (LT) outcome and donor liver steatosis, classified as large droplet macrovesicular (Ld-MaS), small-droplet macrovesicular (Sd-MaS), and true microvesicular (MiS), taking into account the recipient Hepatitis C virus (HCV) status. Aim. We investigate the impact of allograft steatosis reclassified according to the Brunt classification on early graft function and survival after LT. Methods. We retrospectively reviewed 204 consecutive preischemia biopsies of grafts transplanted in our center during the period 2001-2011 according to recipient HCV status. Results. The median follow-up after LT was 7.5 years (range: 0.0-16.7). In negative recipients (n=122), graft loss was independently associated with graft Sd-MaS, in multivariable Cox regression models comprehending only pre-/intraoperative variables (HR=1.03, 95%CI=1.01-1.05; P=0.003) and when including indexes of early postoperative graft function (HR=1.04, 95%CI=1.02-1.06; P=0.001). Graft Sd-MaS>15% showed a risk for graft loss > 2.5-folds in both the models. Graft Sd-MaS>15% was associated with reduced graft ATP content and, only in HCV-recipients, with higher early post-LT serum AST peaks. Conclusions. In HCV-negative recipients, allografts with >15% Sd-MaS have significantly reduced graft survival and show low ATP and higher AST peaks in the immediate posttransplant period. Donors with >15% Sd-MaS have significantly higher BMI, longer ICU stays, and lower PaO2.
Introduction
The frequency of steatosis in donors for liver transplantation (LT) is increasing over time, showing similar trends as the general population. Most studies exploring the effect of steatosis on LT outcomes classify it as "macrovesicular" or "microvesicular" steatosis [1] . Based on these studies, it is generally accepted that grafts with severe macrovesicular steatosis (≥60%) should be discarded due to elevated risk of graft failure [2] [3] [4] . Although some reports have associated microvesicular steatosis with initial poor graft function, it has been generally accepted that this condition is not associated with reduced graft survival irrespective of the percentage of hepatocytes involved [3, [5] [6] [7] . However, most of these studies did not perform routine protocol biopsies in all the donors, consequently selecting a subclass of grafts according to their gross appearance or donor characteristics. Moreover, great inhomogeneity has been reported on the timing of graft biopsies; for example, biopsies performed after donor ischemia may report artifacts in steatosis estimation caused 2 Canadian Journal of Gastroenterology and Hepatology by the development of ischemia-reperfusion damage, such as hepatocellular vacuolization [8] . Interestingly, two studies, in which biopsy was systematically performed in the donor before organ perfusion, reported a poor graft survival using liver grafts with moderate or severe microvesicular steatosis [9, 10] .
Poor clarity exists also on a clear histological definition of macro-and microvesicular steatosis. In this respect, an accurate classification of hepatic steatosis has been proposed by Brunt, classifying the steatosis as (a) large droplet macrovesicular (Ld-MaS), (b) small-droplet macrovesicular (Sd-MaS), and (c) true microvesicular steatosis [11] . In the past, Sd-MaS and true microvesicular steatosis, a condition observed in very peculiar conditions like Reye syndrome, drug toxicity, or acute fatty liver of pregnancy, may have been considered as one entity [11] . Although Brunt's classification has been positively accepted in the LT field [12] [13] [14] , only one study adopted it with the intent to investigate post-LT outcomes. Interestingly, this study reported that allograft SdMaS was associated with acute and chronic rejection [15] .
Another underestimated aspect to consider is the potential confounding role of HCV infection when we analyze the association between allograft steatosis and post-LT including (a) HCV interaction with lipid metabolism in the hepatocytes [16] ; (b) independent association of steatosis with hepatic inflammation and fibrosis in HCV-positive patients [17] ; and (c) negative impact of donor macrovesicular steatosis ≥15-30% in HCV-positive recipients [18, 19] .
The principal aim of the study was to investigate the impact of allograft steatosis, reclassified according to the Brunt classification, on early graft function and survival after LT. Separate analyses were done in HCV-negative (HCV-) and HCV-positive (HCV+) patients. The secondary aim was to evaluate the ATP levels in the donor livers according to the type and percentages of steatosis.
Patients and Methods

Patients.
During the study period (February 27th, 2001-July 28th, 2011), 233 consecutive adult (≥18 years) patients received a first, nonurgent, deceased-donor, whole-organ LT at Sapienza University of Rome Liver Transplant Center, Italy. Protocol preperfusion donor liver biopsies were prospectively collected for all patients and retrospectively evaluated for reestimating the donor steatosis according to the Brunt classification.
As shown in Figure 1 , exclusion criteria were defined as the exclusive presence of true microvesicular steatosis (n=2) and biopsy inadequate for steatosis evaluation (n=27). The study was conducted on the remaining 204 patients (87.6%). No donor was HCV-Ab positive.
Transplant Aspects.
All transplants were performed with a terminoterminal choledochocholedochostomy with T-tube placement. The immunosuppressive protocol was based on a triple therapy with methylprednisolone, mycophenolate mofetil, and calcineurin inhibitor (cyclosporine=40 patients; tacrolimus=166 patients). Methylprednisolone was rapidly tapered. Donor and recipient data were prospectively collected using an in-house database and retrospectively reviewed; donor information was supplemented by data held in the National Transplant Center database. Initial Poor Graft Function (IPGF) was defined according to Nanashima et al. [20] . Early allograft dysfunction (EAD) was defined according to Olthoff et al. [21] . Causes of graft loss were reported and classified as liver-related or liver-unrelated according to the European Liver Transplant Registry [22] .
Liver
Biopsies. Permanent histological sections were prospectively collected from allograft preischemia liver wedge biopsies performed on the left hepatic lobe. The liver tissue was immediately fixed in 10% formalin and within few days was embedded in paraffin and then stained with hematoxylin and eosin, to assess hepatic steatosis in all transplants. To grade the severity of ischemia-reperfusion injury (IRI), permanent histological sections in the recipient within 1 hour after complete revascularization of the allograft (postreperfusion biopsy) were obtained in 134 cases (79 HCV-and 55 HCV+ patients, respectively) with the same procedure.
Frozen-section evaluation was performed in selected cases based on gross appearance of the graft only to decide whether to discard the graft. Two expert pathologists (AC and MR), blinded to clinical data and to the frozen-section evaluation, retrospectively reviewed and scored all the preischemia liver samples for steatosis, defined according to the Brunt classification [11, 14] (Figure 2 ) as follows: Ld-MaS, as one or few large vacuoles in the cytoplasm with eccentric nuclear displacement; Sd-MaS, as few and discrete fat vacuoles that were smaller than half of the cell and did not displace the nucleus. True microvesicular steatosis was defined as the presence of innumerable tiny indiscernible lipid vesicles diffusely distributed in the cytoplasm causing its foamy appearance. Only 2 grafts had true microvesicular steatosis and, as mentioned above, were removed from further analyses. Ld-MaS and Sd-MaS were expressed as percentages of hepatocytes involved. Postreperfusion histopathological IRI score was assessed according to a modified method derived from Suzuki et al. [8] . Briefly, hepatocellular necrosis, sinusoidal congestion, and polymorphonuclear cell infiltration were taken into account. Necrosis was scored as absent [0] or involving single cell [1] , less than 30% of hepatocytes [2] , 30-59% of hepatocytes [3] , and more than 60% of hepatocytes [4] . Sinusoidal congestion was scored as absent over 15% of graft Sd-MaS turned out to be relevant for graft survival in HCV-patients, we decided to categorize both Sd-MaS and Ld-MaS as nil steatosis (absence of steatosis), 1 to 15%, and >15% steatosis. We categorized the total histopathological IRI score in mild/moderate (value <6) and severe (value ≥7), the latter corresponding to the higher tertile in our population.
All the analyses were performed separately in patients with HCV-and HCV+ liver disease.
Survival rates were calculated using the Kaplan-Meier method. In order to calculate graft survival, patients alive and not retransplanted were censored at the date of last follow-up, while time to graft loss was measured from LT to patient death or retransplantation. Patient-, donor-, graft-, , and true microvesicular steatosis (c). In (a), a single fat vacuole displaced the nucleus to periphery of the cell. In contrast, multiple fat vacuoles not displacing the nucleus were considered the hallmark of (b). In (c) steatosis was true microvesicular when many tiny lipid vesicles were diffusely distributed within the cytoplasm leading to a foamy appearance.
and transplant-specific risk factors for overall graft survival were investigated using univariable Cox regression analyses. Different multivariable Cox regression models were constructed, considering as covariates only pre-/intraoperative variables or both pre-/intraoperative and early postoperative variables. Hazard ratios (HR) and 95% confidence intervals (95%CI) were reported. To investigate donor factors independently associated with graft Sd-MaS >15% compared to a lower degree of SdMaS or nil Sd-MaS, we used logistic binary regression.
Variables with a P value <0.05 at univariate analyses were introduced as covariates in all the multivariable analyses.
A P value <0.05 was considered statistically significant. Computations were carried out with SPSS software 24.0 for Windows (SPSS Inc., Chicago, IL). The study was approved by the Sapienza University of Rome Ethical Committee and patients signed written informed consent forms.
Results
Recipient, Donor, Graft, Intraoperative, and Early Postoperative Characteristics.
The recipient, donor, graft, intraoperative, and early postoperative characteristics of the entire study population are shown in Table 1 . All patients with HCV+ liver disease (n=82; 40.2%) were serum HCV-RNA positive at transplant; 32 patients had also HCC which was the only indication to LT in 12 patients. During the post-LT follow-up period, 40 patients achieved a sustained virological response, 20 with Direct-Acting Antivirals (DAAs), and 20 with Pegylated Interferon alpha and Ribavarin. Among the 122 HCV-patients, alcohol-related cirrhosis was the main cause of liver disease (n=36; 29.5%) followed by HBV (n=26; 21.3%) cryptogenic/NASH (n=19; 15.6%), cholestatic disease (n=8; 6.6%), mixed etiologies (n=17; 13.9%), and other causes (n=16; 13.1%); 46 patients had also HCC which was the only indication to LT in 18 patients. No HCV-patient had a previous HCV-RNA positivity. Median donor age was 50.5 years, with 65 (31.9%) cases older than 60 years. Preischemia liver Ld-MaS and Sd-MaS involving >15% of hepatocytes were present in 24 (11.8%) and 34 (16.7%) cases, respectively. Ld-MaS >30% was present in only 10 (4.9%) grafts, with a maximum Ld-MaS value of 40% observed in 6 (2.9%) cases. Sd-MaS ≥40% was present in 9 (4.4%) grafts, with a maximum Sd-MaS value of 80% observed in 1 (0.5%) graft. Figure 1 details graft steatosis distribution in the HCV-and HCV+ groups. An excellent interanalytical correlation (interclass correlation coefficient >0.9) was reported between the two histopathologists concerning steatosis and IRI assessment.
In the entire study population, median follow-up was 7.5 years (range: 0.0-16.7). Comparing HCV-versus HCV+ patients, the only difference was that Anti-HBc positive donors were less frequently allocated to HCV+ patients (P=0.043).
Variables Associated with Graft Survival in HCV-Negative
Patients. In the HCV-group, the median follow-up was 7.8 years (range: 0.0-16.7). During the follow-up period, 28 grafts (22.9%) were lost for liver-related causes. In detail, we observed nine cases of delayed graft dysfunctions, six ischemic cholangitides, four primary nonfunctions, three HCC recurrences, two hepatic artery thromboses, one acute rejection, one chronic rejection, one recurrence of primary biliary cholangitis, and one portal thrombosis. Fifteen (12.3%) liver-unrelated causes for graft loss were observed (six de novo malignancies, three cerebrovascular accidents, three acute myocardial infarctions, two cases of sepsis, and one multiorgan failure). One-, 3-, and 5-year graft survival rates were 82.8%, 76.2%, and 71.3%, respectively. As shown in Figure 1 , twelve out of nineteen grafts with Sd-MaS >15% were lost. At univariable Cox regression (Table 2) , graft SdMaS was a risk factor for graft loss, when considered as a continuous (P<0.001) or a categorized (>15%) variable (P=0.002). Other risk factors for graft loss were donor AntiHBc positivity (P=0.001), longer time since transplantation (P=0.036), and the occurrence of IPGF (P=0.025) and EAD (P=0.008). On the opposite, Graft Ld-MaS, IRI severity, HCC, and other studied variables were not associated with overall graft survival ( Table 2 ). Two multivariable Cox regression models were created (Table 3) , the first including only pre-/intraoperative significant variables and the second including postoperative significant ones. In both models, only Anti-HBc positivity and Sd-MaS >15% were independent risk factors for graft loss (P=0.001 in the pre-/intraoperative model and P=0.007 in postoperative model). Grafts with Sd-MaS >15% had a 2.5-fold increased risk for graft loss in both the models (P=0.008 in the pre-/intraoperative model and P=0.019 in postoperative model). When Sd-MaS was considered as a continuous variable, it was an independent risk factor for graft loss with HRs 1.036 (P=0.001) and 1.032 (P=0.003) in the pre-/intraoperative model and in that including postoperative variables, respectively. Although not significant in the univariate model, we decided to test the Ld-MaS in separate analyses, with the main intent to exclude a possible effect of coexisting Sd-MaS and Ld-MaS on graft loss. After having constructed the same multivariable models based on pre-/intraoperative and pre-/intra-/postoperative variables plus the variable Ld-MaS, SdMaS >15%, we confirmed its independent role of Sd-MaS >15% as a risk factor for graft loss, with HRs 3.311 (P=0.015) and 3.157 (P=0.021) in the two models, respectively. Ld-MaS was not significant in these models.
Kaplan-Meier curves reporting the graft loss rates stratified for Ld-MaS >15% (Figure 3(a) ) and Sd-MaS >15% (Figure 3(b) ) showed that only this latter variable negatively influenced the survival results (Log Rank=0.004). As shown in Figure 4 (a), IRI severity was not associated with graft loss. Figure 5 (a) reported that serum AST peaks observed during the first 3 post-LT days were significantly higher in HCV-patients receiving a graft with Sd-MaS >15% compared to patients with grafts with no Sd-MaS or <15% (P<0.001). Similar results were observed after using grafts with Ld-MaS >15% (P=0.025) ( Figure 5(b) ).
Variables Associated with Graft Survival in HCV-Positive
Patients. The median follow-up was 7.1 years (range: 0.0-16.7). During follow-up, 32 grafts (39.0 %) were lost for liver-related causes. Specifically, we observed 19 recurrences of HCV-related cirrhosis, five delayed graft dysfunctions, two primary nonfunctions, two HCC recurrences, one hepatic artery thrombosis, one chronic rejection, one ischemic cholangitis, and one hepatic artery aneurysm. Ten (12.2%) grafts were lost due to liver-unrelated causes: five cerebrovascular accidents, one de novo malignancy, one sepsis, one acute myocardial infarction, one pulmonary embolism, and one intra-abdominal hemorrhage. One-, 3-, and 5-year graft survival rates were 75.6%, 67.1%, and 63.4%, respectively. As shown in Figure 1 , six out of fifteen grafts with Sd-MaS >15% were lost. At univariable Cox regression analysis, length of donor intensive care unit (ICU) stay (P=0.015), graft cold (P<0.001) and warm ischemia (P=0.017) times, occurrence of IPGF (P<0.001) and EAD (P=0.049), and the severity of graft histopathological IRI (P=0.004) were significant risk factors for graft loss. Graft Ld-MaS and Sd-MaS, HCC, and other studied variables were not associated with overall graft survival ( Table 2) .
At multivariable Cox regression analyses (Table 4) , graft cold ischemia time was the only significant (P<0.001) variable associated with graft loss in the pre-/intraoperative model. When also the postoperative variables were considered, the severity of graft IRI (P=0.002) and the occurrence of IPGF (P=0.009) were associated with graft loss.
No statistical differences were found in terms of survival rates when the cohort of HCV+ patients was stratified according to Ld-MaS and Sd-MaS values (Figures 3(c) and  3(d) ). Severe IRI negatively influenced graft survival (Log Rank=0.003) (Figure 4(b) ). In particular, among the 15 grafts with a severe IRI, 8 (53.3%) were lost due to HCVrelated cirrhosis recurrence at a median post-LT time of 2.2 years (range: 0.5-5.9), while among the 14 grafts with a mild/moderate IRI, only 2 (14.3%) were lost due to HCV cirrhosis recurrence at 6.3 and 9.7 post-LT years, respectively. In HCV+ patients, serum AST peaks observed during the first 3 postoperative days did not differ according to both SdMaS and Ld-MaS distribution (Figures 5(a) and 5(b) ).
Donor Variables Associated with Graft Sd-MaS.
Since the negative effects on postoperative aminotransferases and graft survival were observed in case of Sd-MaS >15%, we investigated the donor-specific factors associated with a Sd-MaS >15%. At univariable logistic regression analysis, risk factors for Sd-MaS >15% were a higher donor BMI (P=0.048), a shorter length of donor ICU stay (P=0.048), and a lower donor PaO 2 (P=0.020) ( Table 5) . At multivariable binary logistic regression, a shorter length of donor ICU stay (P=0.023) and a lower donor PaO 2 (P=0.019) were independent risk factors for Sd-MaS >15% (Table 5) .
Graft ATP Content.
A subanalysis was performed in a cohort of 42 grafts in which we measured preischemia and postreperfusion hepatic ATP content ( Figure 6 ). Grafts with Sd-MaS >15% in the preischemia biopsy showed a significantly lower hepatic ATP content compared to grafts with lower rates of Sd-MaS (P=0.019). In addition, only grafts with Sd-MaS >15% in the preischemia biopsy significantly reduced ATP content in the postreperfusion biopsy when compared to preischemic results (P=0.028).
Discussion
In the present study we have investigated the impact on LT outcomes of donor liver steatosis evaluated using protocol preischemia biopsies and revised according to the Brunt classification. This classification identifies three different types of steatosis, namely, two subtypes of macrovesicular steatosis (Ld-MaS and Sd-MaS) and true microvesicular steatosis [11, 14] . This classification better distinguishes Sd-MaS from the true microvesicular steatosis with respect to the classically used models, improving reproducibility and avoiding the use of the term "microvesicular steatosis" interchangeably for the two different types of steatosis. Prior to the Brunt classification, the variable definition and interpretation of steatosis subtypes may explain the lack of consensus observed in many studies regarding their role with respect to post-LT outcomes [3, 5, 10] . In agreement with a recent report [13] , we have found that the true microvesicular steatosis is virtually absent in our organ donor population. This is probably caused by the donor selection process, in which conditions associated with true microvesicular steatosis are typically excluded (i.e., hepatic encephalopathy and liver failure, Reye syndrome, drug toxicities, acute alcohol exposure, and acute fatty liver of pregnancy) [12, 14] .
We have conducted separate analyses for graft survival in HCV+ and HCV-recipients. The main result of our study is that liver donor Sd-MaS is an independent risk factor for graft loss in HCV-patients, but not in HCV+ ones. In particular, graft Sd-MaS was associated with graft loss when considered as either a continuous variable or categorized using a cut-off of >15%.
Although the accuracy of frozen liver sections is debated for steatosis assessment [14] , our results may suggest that the role of biopsy is underutilized in the graft selection process, mainly in case of donors with high risk of steatosis or previously documented steatosis at ultrasound. In fact, in contrast to Ld-MaS, the presence and the quantity of Sd-MaS are poorly evaluable by the surgeon when the graft steatosis is grossly estimated during the organ procurement [13] .
To date, only one recently published study by Choi et al. has analyzed the impact of Sd-MaS and Ld-MaS on LT outcomes, finding an association of Sd-MaS with acute and chronic rejection, but not with graft survival [15] . The discrepant results on graft survival between our present and Choi's study could be due to several reasons. First, in Choi's study the liver donor biopsy was not performed per protocol in all cases, as in our study, but only when the surgeons suspected the presence of steatosis. This introduces selection biases, like missing cases with significant histologically detectable, but poorly suspected at gross inspection, Sd-MaS, and excluding from analyses many livers with no steatosis [13] . Furthermore, in Choi's study no separate analysis was performed according to HCV recipient status [15] . This has potentially masked the effect of Sd-MaS on graft survival, since in our present study HCV+ patients receiving a graft with Sd-MaS >15% did not show worse survival rates.
With regard to the mechanisms through which allograft with relevant Sd-MaS have a poor outcome in recipients with HCV-liver disease, we found that these grafts (a) had low ATP content in the preischemia biopsy, suffering a further significant reduction of ATP after reperfusion; (b) were associated with low donor PaO 2 and short length of ICU stay; and (c) when transplanted to HCV-recipients, showed a higher early postoperative serum AST peak, compared to the other grafts. Thus, we hypothesize that donors with relevant Sd-MaS have a preexisting impaired mitochondrial function with low baseline ATP content, failure to recover ATP levels after reoxygenation and increased susceptibility to ischemia-reperfusion injury [23] [24] [25] [26] . The mitochondrial damage and reduced ATP synthesis are further worsened in the case of hypoxia. Hyperoxia protects from these events, as have been shown in explanted rat livers by others and in human donors by us [27, 28] . As ICU stay and reduced caloric intake prolong, Sd-MaS is then reduced by lipophagy activation, in keeping with two previous observations: (a) the upregulation of lysosomal lipase, a lipid droplet catabolizing enzyme, under starving conditions of primary hepatocytes and (b) the pronounced reduction of the classically termed "microvesicular steatosis" shown in steatotic livers of potential living donors for LT submitted to low-calorie diet [29] .
In our present study we did not find a negative impact of Sd-MaS on graft survival and early postoperative AST peak in HCV+ patients. Although we do not have a clear explanation for this latter observation, we should underline the fact that HCV is known to strictly interact with lipid droplets into the hepatocytes, redirecting autophagy by inducing lipidselective autophagy [16, 30] . In accordance, it has been previously reported a strong negative correlation between the level of autophagy and "microvesicular" steatosis in HCV-infected patients, but not in patients with nonalcoholic liver disease [31] . As a consequence, it should be speculated that HCV modulates autophagy in a way that reduces hepatocellular damage due to the presence of Sd-MaS [32] .
With regard to predictors of graft loss in our HCV+ patients, we found that, as previously reported, severe IRI was associated with cirrhosis due to HCV recurrence [33] .
The definition of Ld-MaS in the present study is concordant with the term macrosteatosis/ macrovesicular steatosis used in the literature; according to several studies, when macrosteatosis occurs in more than 60% of hepatocytes, poor outcomes are observed [2] [3] [4] 13] . However, in agreement with Choi's study, we did not find any association between Ld-MaS and LT transplant outcomes [15] . This is probably because of two reasons: (a) the maximum Ld-MaS value in our study was 40%, since we discarded grafts with a classically termed macrovesicular steatosis at frozen sections exceeding this value; (b) as it is the practice of many transplant centers, we allocated grafts with a high "macrovesicular steatosis" to patients with low MELD scores (data not shown).
The observed result that donor Anti-HBc positivity was connected with poor graft survivals in HCV-patients is in line with previous studies [34] . However, the suggestion that the Anti-HBc positivity may be a surrogate marker of low graft quality is only a hypothetical, the possible underlying mechanisms for this phenomenon still being unclear.
There are some limitations of our study that should be addressed. First of all, this is a monocentric study needing an external validation of our results. The study was performed in a long time frame. However, this possible bias was corrected adding the period of transplant as a covariate in our analyses. Although we performed only one liver biopsy of the left hepatic lobe to assess preischemia steatosis, previous studies have shown minimal steatosis variability between left and right lobe sampling [35] . Lastly, despite the division in two populations (HCV-RNA negative and positive) reducing the statistical power, this splitting was necessary in order to avoid the possible confounding role of HCV and to give to the study a forward-looking perspective because of the progressive reduction of LT candidates with HCV-RNA positivity.
In conclusion, using protocol preischemia liver graft biopsies, we observed that the presence of Sd-MaS >15% is associated with lower graft ATP content, severe early hepatocellular damage, and reduced graft survival in HCVnegative patients. These data may play an important role in modifying the organ allocation process, especially nowadays with the spreading of NASH and the reduction of HCV-RNA positive recipients thank to DAAs, but need to be validated in other studies.
Abbreviations
DAAs: Direct-Acting Antivirals EAD:
Early allograft dysfunction HCC:
Hepatocellular carcinoma IPGF: Initial poor graft function IRI:
Ischemia/reperfusion injury Ld-MaS: Large droplet macrovesicular LT:
Liver transplantation MiS:
True microvesicular PaO 2 :
Partial pressure of oxygen Sd-MaS: Small-droplet macrovesicular.
Data Availability
The clinical data used to support the findings of this study are included within the article in anonymous form in order to protect patient privacy as request by the local ethical committee.
Conflicts of Interest
The authors of this manuscript have no conflicts of interest to disclose.
